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%'e report measurements of the effective Coulomb interaction of the final-state holes, or Auger pa-
rameter, of the L3M45M4, & transition in the 4d metallic series. By applying the excited-atom version
of the quasiatomic model of hole screening, we show that it is possible to extract experimentally a
purely valence-electron contribution to the Auger parameter. The systematic dependence on atomic
number clearly manifests the effect of the type of screening charge. Comparison with 4d M5N4, &N4, 5
results indicates independence of the final-state nature within experimental error (=+0.5 eV), lend-
ing support to interpretations of d-band holes as corelike. The similarity with model results for the Sd
series is striking and there is general agreement with calculations of metallic renormalization of the
Auger parameter in the 4d series.
Understanding the mechanisms of core-hole screening
in metals has been the subject of numerous reports over
the years. Screening of the two-hole final state of Auger
electron spectroscopy (AES), in particular, is of interest
because of the sensitivity of high-resolution AES line
shapes to the screening mechanisms when the two holes
are in the valence band. ' Studies of 3d, 4d, '" and 5d
(Ref. 5) metals indicate that the AES valence line shapes
evolve from bandlike to quasiatomic as the valence-
electron screening charge changes from d to s type. An
especially convenient experimental measurement of the
degree of correlation of the two final-state holes, which
determines the line-shape form when the holes are in the
valence band, is that of the Auger parameter, (, which
can be defined as in Eq. (1). For an Auger transition in-
volving levels i, j, and k,
where B, denotes the binding energy of level j in the
ground state, Bj is that when there is a hole in level k,
and e;Jl, represents the experimental Auger kinetic energy
relative to the Fermi energy. The quantity in parentheses
in Eq. (1) would be the Auger kinetic energy if the holes
were uncorrelated, so that g is a measure of electron-
electron interaction eA'ects (the principal of which are
screening and hole-hole attraction). In the second equali-
ty in Eq. (1), this is cast in terms of a change in final-state
binding energies, demonstrating that g is intrinsically
non-negative because of the additional positive hole
charge.
Investigations of the Auger parameter in the 3d, the
4d, ' and the 5d (Refs. 9 and 11) series of metals indicate
a monotonic increase as the atomic number z increases,
with a significant jump between the corresponding mem-
bers of the Pt and noble-metal groups. In Fig. 1, we illus-
trate this point with previously reported measurements
(i.e., open squares) of the Auger parameter of the
M4N6 7N6 7 transition (i.e., all core levels) in the 5d series
(for economy of presentation, the zero for the 5d series in
Fig. 1 is 21.40 eV, the model result described below for
z =83). Explanation ' of these systematics is based upon
models exploiting the complete self-consistent screening of
core holes ' ' within the atomic cell. According to
the excited-atom version of the quasiatomic model or
QAM 'z' (in which core charge is self-consistently
transferred to the valence shell to simulate screening) and
the equivalent-core approximation (in which valence elec-
trons see the core hole as an additional proton), the d elec-
trons screen the core holes increasingly more eA'ectively as
the atomic number increases until the d band becomes
full, at which point the s electrons, which are more delo-
calized spatially, assume the role of less eA'ective screen-
ing charge, which explains the observed jump in g.
These argutnents assume that the two final-state
holes in the Auger transition may be treated as core
holes. '" ' A distinction should be made, however,
between transitions involving only core levels (i.e., ij k
transitions) and those whose final-state holes are in the
valence band (i.e., iVV transitions). In the latter case,
when we treat metals with more than one ground-state d-
band hole, the iVV hole final states are of the same type as
that of the screening charge. Whether these d-band holes
may be treated as completely screened core holes in the
sense of the QAM has been addressed by studies
comparing experimental iVV spectra and self-convolutions
of x-ray photoemission spectroscopy (XPS) valence-band
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FIG. 1. The L3M4, 5M45 (crosses) and M5N45N4, 5 (pluses,
from Ref. 10) Auger parameters in the 4d metal series relative
to their values for Sb (43.2 and 7.8 eV, respectively). Also illus-
trated are results for the M4N47N4, 3 (open squares, from Ref.
9) and theoretical (solid line) Auger parameters for the 5d
series relative to the model result for z =83 (21.40 eV). The
theoretical results were calculated from Eq. (3) with Ud =12.9
eV, U., =8.38 eV, h, Ud=1.90 eV, and h, U., =1.62 eV using the
extrapolation procedure described in the text. The lower abscis-
sa refers to the Sd and the upper to the 4d series.
spectra, which correspond to bandlike spectra. Lack of
agreement between these spectra, as well as the results of
theoretical calculations ' of the two-hole binding ener-
gies, led to the conclusion ' that the final-state holes re-
sponsible for the '64 multiplets of the Ni L3M4 5M4 5 and
the Pd M4 5N4 5N4 5 spectra may indeed be considered as
core holes. It should be pointed out, however, that this
conclusion is based on plausibility arguments: identifi-
cation of the iVV peak energy with the '64 final-state
term is not clear; lack of agreement with bandlike spectra,
although indicative, is not entirely convincing of quasia-
tomic nature; and the 0.4-eV diA'erences between mea-
sured Ni and Pd two-hole binding energies' and quasia-
tomic calculations may reveal systematic difticulties with
the interpretation. Besides being relevant for clarification
of the fundamental nature of the final Auger state, the
question of the core-hole nature of d-band holes is impor-
tant because Auger shifts can provide basic information
for extraction of electronic structure changes in systems
such as alloys" and the 3d and 4d iVV transitions
are usually the most convenient to measure.
It would be interesting, therefore, to present other evi-
dence to elucidate this question. In this paper, we formu-
late a method, based on the systematics predicted by the
screening models, ' ' to extract the screening electron
contribution from the experimental Auger parameter. If
the final-state holes are core holes, then, by applying the
excited-atom version of the QAM and the equivalent-core
approximation, ' ' we can exactly separate g into a core
term g, and a valence term g, , ,
g(z) =g, (z)+ g, , (z), (2)
where g, includes the hole-hole Coulomb interaction, and
involves the detailed spatial dependence of the core holes.
f 1
&,, (z) = dn, g, , (z, )n,
g, , (z,nz) =g[n, (z+I —n3)U, (z+ I —n3)
—n, (z+2 —n3)U, (z+2 —n&)],
(3a)
(3b)
where n, is the j core-level electron occupation and the
sum is over d and s valence electrons (i.e., v=d or s).
The first term in Eq. (3b) refers to the B~ (i.e. , nl, =1)
and the second to the B~. term (i.e., n =0) in Eq. (1).
The valence-electron screening is included in g,„which is
independent of the identity of the core holes in Eq. (I).
From the QAM, ' the screening electron distribution is
determined by the local environment of the core ionized
atom rather than the surrounding metal, but is not that of
a free atom, despite some success in applying atomic cal-
culations. ' ' Consequently, there is considerable uncer-
tainty' in how to apply free-atom results to calculate (,
Since g, is expected to vary slowly with z, it is possible to
exploit the measurements of the Auger parameter for the
sp-band metals to approximately subtract out the
dependence over the whole range of z and, so, experimen-
tally derive a quantity which, in principle, should involve
only valence-electron terms and be independent of the
identities of the final-state core holes. By comparing the
results for the iVV and for purely core-level spectra, we
can examine the validity of the assumption of the core-
hole nature of the iVV final-state holes. Experimentally it
is necessary to measure g as a function of z with enough
precision to make the comparison sensible. We report the
first such comparison here.
In order to apply the experimental method, we present
measurements of ((z) in the 4d series relative to the
respective values for Sb. The pluses represent reported re-
sults' for the M5N4 5N4 5 transition (the value for Sb is
7.8 eV) and the crosses denote measurements ' for the
L3M45M45 transition (the Sb value is 43.2 eV). The
Auger kinetic energies of the latter spectra were between
1937.6 eV for Nb and 3025.9 eV for Sb. ' We should
note the simplicity of form and narrowness of these spec-
tra ' (=25 eV wide), which permits an energy accuracy(+ 0.5 eV) not available in the LMM core-level spectra of
the 3d series, ' ' for instance.
The L3M4 5M45 spectra were measured with a Vacuum
Science Workshop HA100 spectrometer (base pressure
-2x10 ' Torr and the samples were cleaned by argon-
ion sputtering) and excited by bremsstrahlung. The
spectrometer was operated in fixed analyzer transmission
mode and was calibrated with respect to the Au 4f7y2
binding energy (84.0 eV) by using Al Ka radiation
(1486.6 eV) and by precisely biasing the Au sample to
change the kinetic energy relative to the analyzer over the
energy range of interest. To minimize uncertainties in
determination of g(z) from Eq. (1) and errors in compar-
ison with the MVV results, ' weighted mean 4d binding
energies, and x-ray energies " were employed. Details
are given elsewhere. '
We illustrate the method in Fig. 1, where the solid line
represents the results of model calculations applying the
excited-atom version of the QAM and the equivalent-core
approximation. The valence term is given by
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g, , (z) ==-,, (.) —=-,, (z+1),
~ (X)= Yd(X) [IId(X) + (1 —«')/21
+ Y (X)[II,(X)+r /2]
+ [BUd+ (dUd —AU, )r (2r —3)]/12.
(3c)
(3d)
The valence occupations n„(Z,a) and effective Coulomb
integrals U„(Z,1r) are self-consistent quantities corre-
sponding to the given equivalent core charge, Z,ff=z
+2 —n~ n—k [we assume U~(z) =U, (z) (Ref. 18)]. As-
suming preferential filling of the d states and constant sp
occupation for unfilled ground-state d bands [such that
nd (Z,a )+n, (Z,s) valence+ 2 —nj nl, ]—and a linear
variation of the U, [i.e., U, (z+x) =U, (z)+xhU„, with
hU, constant], we derive
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The quantity Y„(X)—=U, (X)+AU,/2 and r =0.0 for X
~ z„,b —1, and r =1.0 for X~ z„,b+1, where z„,b is the
noble-metal atomic number for the series under study.
Otherwise, r =p„,b, the number of ground-state noble-
metal d-band holes.
In the model results displayed in Fig. 1 for the Sd series,
we calculated g,. with Ud =12.9 eV, U, =8.38 eV, AUd
=1.90 eV, and h, U, =1.62 eV, Au parameters employed
in studies of AuMg and Auzn electronic structure' and
pA„=0.4. From the linear variation of g,, for z~ 80
(i.e., slope= —2AU, ) we derived g, from the data in this
region assuming a linear variation in Eq. (2) and extrapo-
lated it linearly to other values of z. Since g, was extract-
ed from the data, it may appear that the agreement mani-
fested in Fig. 1 between theory and experiment is not
significant. It should be pointed out, however, that the
agreement ensues because of the linear variation of g, , for
z ~ 80 and z ~ 77 (i.e., slope = —2b,Ud) and the relative
decrease in (,, as s-electron screening increases. Since the
model was adjusted to the data for z~ 80, the theo-
retical-experimental agreement is sensitive ' ' to our val-
ues of Ud, = Ud (Au) —U,—(Au), p«&b, and AUd, =—&Ud
—AU, for 77 & z & 80 and the agreement in linear varia-
tion is sensitive to AUd, for z ~ 77.
In Fig. 2(a), we illustrate the behavior for the 51 se-
ries of the theoretical quantity hg„.,~(z)—=g, (z) —g, , (82)
—2(z —82)AU, . hg„.,i(z) corresponds to extrapolating
the linear variation in the theoretical ((z) in Fig. 1 for
z~ 80 to all z and subtracting out the resulting linear
function. In this way we remove the g, (z) dependence
from g(z) in Eq. (2) and derive a quantity which depends
upon the differences in screening parameters (Ud, and
AUd, ) and p, ob only. The systematics in Fig. 2(a) clear-
ly demonstrate the increased screening for z ~ 77 pro-
duced by the d electrons until, for 77 & z & 80, the d band
starts to fill and the s electrons start to assume the role of
screening charge.
Clearly, the data presented in Fig. 1 can be treated in a
similar manner. For both 41 transitions, we approximate
the slope, S, of g(z) in the region of sp metals (z ~ 48 for
Cd) by the difference g(Sn) —g(ln) (S=0.6 eV for the
MgN45N4 5 and 5=1.83 eV for the L3M4 5M45 transi-
tions) and calculate A(„.,~(z) = ((z) —((50) —2(z —50)S.
The results are presented in Fig. 2(b).
The resemblance between the experimental 4d Ag„,~(z)
FIG. 2. (a) hg, ,~(z) —=g, . (z) —g, . (82) —2(z —82)d U„ the va-
lence-electron quantity derived from the model results for the Sd
series in Fig. 1 by subtracting the linear dependence of g(z) for
z &79 as discussed in the text. The systematics of screen-
ing as the d band fills is clearly displayed. (b) The quantity
hg„~(z) =((z) —g(50) —2(z —50)S derived from the LiM4 q-
M4, 5 (crosses) and M5N4, qN4, 5 (pluses) Auger parameters for
the 4d series in Fig. l by subtracting the linear dependence of
g(z) for z &47 (slope $=1.83 and 0.6 eV, respectively). The
independence of final state and resemblance to Fig. 2(a) should
be noted.
in Fig. 2(b) and the theoretical 5d curve in Fig. 2(a) is
striking [which is consistent with the renormalized atom
Ud, value for Ag of 4.1 eV, as compared to 4.5 eV used
in Fig. 2(a) (Ref. 26)]. Except for Pd, the agreement be-
tween the hg„~(z) derived from the M&VV and purely
core-level spectra is within our experimental error (which
we estimate to be 0.5 eV), indicating that A(„.,1(z) is,
indeed, a purely valence-electron quantity. In addition,
the systematics displayed agrees, even with respect to
magnitude, with calculations of metallic renormalization
of the Auger parameter, ' which is also a purely valence-
electron quantity (in particular, both quantities indicate
maximum d-electron screening for Rh). It should be not-
ed that the experimental procedure described here cir-
cumvents complications caused by uncertainties' in de-
termining the effective Coulomb integrals in Eqs. (3) and,
in fact, permits determination of Ud, and AUd, from the
data (values so determined agree with the literature ').
In conclusion, we have reported a method for extracting
the screening electron contribution from experimentally
measured Auger parameters by exploiting the systematics
predicted by a model which applies the excited-atom ver-
sion of the quasiatomic inodel of core-hole screening. '
We applied the method to core-level Auger spectra by
measuring the high kinetic energy L3M45M45 Auger
spectra in the 4d series, whose characteristics permit an
accuracy of peak energy determination ( ~ 0.5 eV) not
possible with the 3d LMM spectra, for example. The re-
sults manifest a remarkable similarity with the model sys-
tematics. It would seem that, except possibly for Pd, the
screening mechanism of the Auger final states in the 4d
series is the same for d-band holes and for true core holes.
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